INTRODUCTION
============

Early stages of embryonic lens development culminate with the formation of the lens vesicle, made up of undifferentiated lens precursor cells ([@B16]). Under the influence of fibroblast growth factors and bone morphogenetic proteins produced by the neuroretina, cells from the posterior part of the lens vesicle initiate the differentiation processes, including cell cycle withdrawal, cell growth, and elongation after embryonic day (E)10.5 of mouse embryonic development ([@B47]; [@B32]; [@B68]). Within ∼48 h, these cells reach the anterior part of the lens vesicle as primary lens fiber cells. In contrast, cells located in the anterior part of the lens vesicle retain their proliferative capacity and organize into a sheet of cuboidal anterior lens epithelium ([@B47]). As those cells reach the lens equator (transitional zone), their differentiation is induced to form secondary fibers, which wrap around the previously formed fiber cells. Lens fiber cell differentiation is characterized by cell elongation, and temporally and spatially controlled expression of crystallins and other lens-specific proteins ([@B60]; [@B28]; [@B16]). Lens fiber cell differentiation also includes coordinated degradation of organelles, including the nucleus. Destruction of subcellular organelles is required to eliminate sources of light scattering ([@B89]; [@B8]).

Degradation of nuclei during mammalian development and differentiation is a special process limited to lens fiber cells, erythrocytes, and keratinocytes. These enucleated cells can be viewed as "storage" cells containing large amounts of specific proteins. In other words, crystallins, hemoglobins, and keratins are required to generate a transparent and refractive tissue (lens), transport oxygen (erythrocytes), and provide a protective barrier for the skin (keratinocytes), respectively. Lens fiber cell-specific degradation of nuclei (denucleation) is morphologically characterized by differently shaped nuclei and the formation of an organelle-free zone (OFZ) in the center of lens cortex ([@B8]). The denucleation process depends on lens-preferred lysosomal DNase IIβ, an acid endonuclease, to degrade chromatin in lens fiber cells ([@B55]). Mammalian erythrocytes are enucleated via nuclear engulfment by macrophages ([@B94]). The skin keratinocytes lose their nuclei through an apoptotic caspase-independent process, termed cornification ([@B44]). Thus, lens fiber cells, erythrocytes, and keratinocytes degrade their nuclei through distinct cellular and molecular mechanisms.

Before executing the default denucleation process, lens fiber cells are prone to enter an alternate, proapoptotic pathway. Lens-specific expression of cell cycle regulators, including viral oncogenes in transgenic lens fiber cells ([@B33]; [@B25]; [@B54]; [@B58]; [@B26]; [@B14], [@B13], [@B15]), induced ectopic apoptosis in the lens fiber cell compartment. Although the majority of these studies used terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay to identify apoptotic cells, two recent reports, which focused on abnormal lens formation ([@B82]; [@B9]), have identified DNA double-strand breaks (DSBs) formation via a biomarker, γ-H2AX, to monitor DNA damage. In mammalian cells, generation of DSBs is either followed by successful DNA repair and cell survival, or programmed cell death is executed ([@B10]; [@B59]). However, it is possible that normal denucleation process in lens fiber cells can also generate this type of DNA damage. Thus, temporospatial characterization of DSBs formation inside and outside of the presumptive OFZ during normal and abnormal lens development should provide novel insight into lens fiber cell denucleation.

Here, we considered transgenic expression of proteins that could abrogate both antiapoptotic (protective) mechanisms of the lens ([@B2]) and simultaneously perturb lens fiber cell karyolysis ([@B8]). Initially, we focused on three genes, *Brg1* ([@B45]), *Ncoa6* ([@B48]), and *Rybp* ([@B75]), encoding proteins with diverse roles in preventing apoptosis as well as regulating chromatin structure. Previously, these proteins were implicated as regulators of lens development ([@B40]; [@B91]; [@B61]). Our pilot experiments suggested that *Ncoa6* was a good model gene to study lens fiber cell differentiation and denucleation.

Nuclear receptor coactivator 6 (*Ncoa6*; other aliases are *Asc-2*, *Aib3*, *TRBP*, *RAP250*, *NRC*, and *PRIP*) acts as an ubiquitously expressed coactivator of specific nuclear receptors and several other transcription factors ([@B50]). NCOA6 encodes a large protein composed of 2063 amino acids with two nuclear receptor (NR) boxes (featuring the LXXLL sequence), two transactivation domains, and a C-terminal regulatory domain (see [Figure 1](#F1){ref-type="fig"}A) ([@B49]). Several previous studies revealed antiapoptotic function of NCOA6 and its up-regulation in tumor cells ([@B4]; [@B48]; [@B93]; [@B98]). Targeted knockout of *Ncoa6* resulted in embryonic lethality between E8.5 and E12.5 ([@B41]; [@B3]; [@B97]; [@B48]). This early lethality prevented studies of lens fiber cell differentiation. An 81-amino acid fragment of NCOA6 (dnNCOA6) including the N-terminal NR box (LXXLL-1 motif; see [Figure 1](#F1){ref-type="fig"}) has been shown to act as a dominant inhibitor of NCOA6 that blocks the interaction of retinoic acid (RA) receptors and NCOA6 ([@B40]). Transgenic mice that express dnNCOA6 under the ubiquitous β-actin promoter revealed a spectrum of ocular abnormalities including microphthalmia and cataract ([@B40]) as well as a plethora of defects in other tissues ([@B40]). However, abnormal lens development in this system could be caused by indirect effects (e.g., perturbed optic cup and early development of the neuroretina) ([@B51]; [@B63]; [@B42]). It was also possible that the damage to the lens was initiated in the lens progenitor/precursor cells before their differentiation ([@B88]; [@B46]).

In this report, multiple roles of *Ncoa6* in lens fiber differentiation were examined through the expression of lens-specific *dnNCOA6* transgene and the deletion of *Ncoa6* in the lens lineage. The specificity of dnNCOA6 action was examined in *Ncoa6* heterozygous mutant background. Next, the lens-specific *dnNCOA6* transgenic mouse model was used to examine the interference between the proapoptotic program initiated in transgenic lenses and the denucleation process. Together, these studies reveal that dnNCOA6-induced apoptosis was incomplete in the lens fiber cell compartment while the normal denucleation process was arrested.

MATERIALS AND METHODS
=====================

Generation and Analysis of Cryaa-dnNCOA6 Transgenic Mice
--------------------------------------------------------

Nuclear localization sequence (*NLS*) in frame fusion with *dnNCOA6* (amino acid 849--929 of NCOA6 protein), *NLS-dnNCOA6*, was amplified by polymerase chain reaction (PCR) from pCAGGS-ASC2co2CN (a gift from Dr. Jae Woon Lee, Pohang University of Science and Technology) and subcloned downstream of *3xFLAG*-tag in the 3XFLAG-CMV-10 vector (Sigma-Aldrich, St. Louis, MO). *3xFLAG-NLS-dnNCOA6* was then amplified by PCR and inserted into the BglII site between the *Cryaa* promoter (−366 to + 46) ([@B56]) and simian virus 40 (SV40) intron-polyadenylation sequences of pACP3 vector ([@B21]; see [Figure 1](#F1){ref-type="fig"}B). PstI digestion generated a 687-base pair fragment between the cDNA sequence and the PstI site before the Cryaa promoter in pACP3 vector confirmed the orientation. The construct was then linearized with NotI and sent to the Albert Einstein College of Medicine Transgenic Facility (Bronx, NY) for microinjection to generate *Tg (Cryaa-dnNCOA6*) mice. We will, from here on, refer to these mice as *Cryaa-dnNCOA6* mice. Transgenic mice were generated and maintained in FVB/N background. All mice used in this study were maintained at the Albert Einstein College of Medicine Institute for Animal Studies under specific pathogen-free conditions in accordance with institutional guidelines. For staging of embryos, vaginal plug formed around noon of the day was considered as E0.5. Animals were staged by denoting the day of birth as neonate and subsequent days as postnatal day (P)1, P2, etc. Two primer sets were used for genotyping (primer 1: 5′-GCTCCTGTCTGACTCACTGC-3′; primer 2: 5′-GCTTTAAATCTCTGTAGGTAGTTTGTC-3′; primer 3: 5′-CATCGTCATCCTTGTAATC-3′). Primer 1 and 2 generate a 509-base pair PCR product across the *Cryaa* promoter and the SV40 intron. Primer 1 and 3 generate a 144-base pair PCR product across the *Cryaa* promoter and the FLAG-tag sequence (see [Figure 1](#F1){ref-type="fig"}B).

Primers spanning the intron and exon of *Ccni* (5′-TCTTCTCCCTCCTCAGACG-3′ and 5′-CCGTTACCACCTCATGATCC-3′), *B2m* (5′-CCCTGGCTGGCTCTCATT-3′ and 5′-ACTGAAGCGACCGCGACT-3′), and *Cryaa gene* (5′-CCTTCCTGTCTTCCACCATC-3′ and 5′-GCAGCTAGGAGGAACCAGTG-3′), and primers including part of the transgenic *Cryaa* promoter, *Cryaa-tg* (5′-CCCGAGCTGAGCATAGACAT-3′ and 5′-AGTCAGACAGGAGCCTCTGG-3′), were used to determine transgenic copy number from three biological replicates in a quantitative (real-time) PCR (qRT-PCR) analysis using a 7900HT fast real-time PCR system with Power SYBR Green PCR master mix (Applied Biosystems, Foster City, CA). Primers of *Ccni*, *B2m*, and *Cryaa* genes were used as internal controls and *Cryaa-tg* primers were used to determine transgene copy number.

Primers (5′-CCAGAGGCTCCTGTCTGACT-3′ and 5′-CCGTCATGGTCTTTGTAGTCC-3′) specific to *dnNCOA6* cDNA sequence were used to compare the relative expression levels of *dnNCOA6* transgene in wild-type (WT) and transgenic newborn lenses using qRT-PCR. Total RNA was prepared using RNeasy Microkit (QIAGEN, Valencia, CA) according to the manufacturer\'s instructions. cDNA was generated with oligo(dT~20~) primers (Invitrogen, Carlsbad, CA) and SuperScript II Reverse Transcriptase (Invitrogen), according to the manufacturer\'s protocol. Each 20-μl reaction was diluted 10 times, and 2 μl was used for each qRT-PCR reaction. The relative gene expression levels from three biological replicates were analyzed. For data normalization, expression of three reference genes, *B2m*, *Hprt*, and *Sdha*, was examined ([@B85]).

Histological Examination and Microscope
---------------------------------------

Age-matched embryos or postnatal eyeballs were fixed in 10% neutral buffered Formalin overnight. Paraffin embedding, sectioning (5-μm sagittal sections at the midline of the eye) and hematoxylin and eosin (H&E) staining were performed by the Albert Einstein College of Medicine Histotechnology and Comparative Pathology Facility. Routine light imaging was performed on an Axioskop II microscope with Axiovision software (Carl Zeiss, Thornwood, NY). Fluorescence imaging was performed on an upright BX61 microscope (CoolSNAP HQ camera; Olympus, Melville, NY) and processed with IPLab acquisition software (BD Biosciences, San Jose, CA). Pictures from serial eye sections were taken, and lens size was measured using ImageJ software (National Institutes of Health, Bethesda, MD; <http://rsb.info.nih.gov/ij/>) according to the scale. Alternatively, lenses were dissected from Formalin-fixed eyeballs and pictures were taken with an MZ FLIII stereomicroscope (Leica Microsystems, Deerfield, IL) with bright-field transmitted light. All pictures were processed in ImageJ to measure the surface area and height of each lens for comparison. Every set of experiment compared littermates and was repeated at least three times.

Western Blot Analysis
---------------------

Lens and eyeball (without lens) tissues were dissected from newborn mice and homogenized in mammalian lysis buffer (150 mM NaCl, 1 mM NaF, 50 mM Tris, pH 8.0, 0.5% NP-40, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and proteinase inhibitors \[Roche Diagnostics, Indianapolis, IN\]) to obtain protein lysates. Ten to 100 μg of each protein sample was run on a 12 or 15% acrylamide gel. Proteins were then transferred to a nitrocellulose membrane. The membrane was blocked with 5% skim milk in Tris-buffered saline (TBS) for 1 h and incubated with primary antibody using the recommended dilution overnight at 4°C. The membrane was then washed with TBS, incubated with horseradish peroxidase-conjugated secondary antibody (1:2000; Promega, Madison, WI), and visualized with ECL Plus western blotting detection reagents (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) according to manufacturer\'s instructions. The dilution used for each antibody is listed as follows: mouse monoclonal anti-FLAG antibody (mAb) (1:1000; Sigma-Aldrich), rabbit polyclonal anti-c-Maf antibody (1:1000; Bethyl Laboratories, Montgomery, TX), mouse monoclonal anti-p53 antibody (1:250; Merck, Whitehouse Station, NJ), rabbit polyclonal anti-αA-crystallin antibody (1:2000; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-αB-crystallin antibody (1:2000; Assay Designs, Ann Arbor, MI), rabbit polyclonal anti-β-crystallin antibody (1:500; Santa Cruz Biotechnology), rabbit polyclonal anti-γ-crystallin antibody (1:500; Santa Cruz Biotechnology), monoclonal anti-β-actin antibody (1:2000; Sigma-Aldrich), and mouse monoclonal anti-NCOA6 antibody (1:1000; produced in Dr. Jianming Xu\'s laboratory). The protein bands from Western blots were quantified with ImageJ software and normalized using β-actin as a loading control.

Immunohistochemistry and Immunofluorescence
-------------------------------------------

Tissue sections were deparaffinized in 60°C oven and xylene and rehydrated through an alcohol gradient series. Sections were heated and cooled to room temperature in sodium citrate buffer for 30 and 20 min, respectively. Sections were then treated with 0.3% H~2~O~2~ and incubated with blocking buffer (5% donkey serum and 2% bovine serum albumin \[BSA\] in TBS). Rabbit polyclonal anti-FLAG (1:500; Sigma-Aldrich) or rat monoclonal anti-Ki-67 (1:500; Dako North America, Carpinteria, CA) antibody was diluted in blocking solution with 1-h incubation at room temperature. After washing with TBS, slides were incubated with biotinylated goat anti-rabbit immunoglobulin (Ig)G (1:500) for 1 h at room temperature. The signal was detected using streptavidin-conjugated horseradish peroxidase and peroxidase activity was visualized with diaminobenzidine/H~2~O~2~ (Vector Laboratories, Burlingame, CA). Slides were then counterstained with hematoxylin. For immunofluorescence, treatment with H~2~O~2~ was omitted and tissue sections were incubated with blocking solution (5% goat serum and 2% BSA in TBS) for 30 min. Rabbit polyclonal anti-cleaved caspase-3 Asp175 (1:200; Cell Signaling Technology, Danvers, MA); rabbit polyclonal anti-c-Maf (1:500; Bethyl Laboratories); rabbit polyclonal anti-γ-crystallin (1:100; Santa Cruz Biotechnology); rabbit polyclonal anti-β-crystallin (1:100; Santa Cruz Biotechnology); mouse monoclonal anti-FLAG (1:1000; Sigma-Aldrich); rabbit polyclonal anti-phospho-H2AX (Ser139), γ-H2AX (1:200; Millipore, Billerica, MA); rabbit polyclonal anti-protein disulfide isomerase (PDI) (1:500; Assay Designs, Ann Arbor, MI); and rabbit polyclonal anti-phospho-histone H3 (1:200; Millipore) were diluted in blocking solution and incubated overnight at 4°C. Slides were then washed with TBS and incubated with the secondary antibody (1:500; Alexa Fluorescence 568 or 488 goat anti-rabbit/mouse IgG \[Invitrogen\]) and 4′,6-diamidino-2-phenylindole (DAPI) in blocking solution for 45 min at room temperature, followed by TBS washing. Slides were mounted with VECTASHIELD mounting medium (Vector Laboratories).

Scanning Electron Microscope (SEM)
----------------------------------

Three-month-old mouse lenses were fixed in 0.08 M sodium cacodylate, 1.25% glutaraldehyde, and 1% paraformaldehyde, pH 7.4, at room temperature overnight. After fixation, the lens capsule and several outermost layers of fiber cells were peeled off to show the fiber pattern. Lens samples were then dehydrated through a graded series of ethanol and processed by critical point drying using liquid carbon dioxide in a 795 critical point drier (Tousimis Samdri, Rockville, MD). The lenses were subsequently transferred to a filter paper, placed in a vacuum desiccator, mounted on a stub, and sputter coated for 2 min with gold-palladium in a Vacuum Desk-2 sputter coater (Denton, Cherry Hill, NJ). Specimens were examined with a JSM6400 scanning electron microscope (JEOL, Peabody, MA), using an accelerating voltage of 10 kV.

Detection of Apoptosis
----------------------

Apoptosis was analyzed using DeadEnd Fluorometric TUNEL System (Promega). Tissue sections were deparaffinized and rehydrated as described above, followed by TUNEL staining according to the manufacturer\'s manual. Three sections from each eye/genotype were stained and TUNEL-positive nuclei in lens fiber cells were quantified. Every set of experiment compared littermates and was repeated at least three times.

Role of p53 in Suppressing Apoptosis in Cryaa-dnNCOA6 Lenses
------------------------------------------------------------

To examine the role of p53 in the ectopic apoptosis induced in *Cryaa-dnNCOA6* lenses, *p53*^+*/null*^ mice were crossed with *p53*^+*/null*^*; Cryaa-dnNCOA6* mice to generate *p53^null/null^; Cryaa-dnNCOA6* and *p53*^+/+^*; Cryaa-dnNCOA6* E14.5 embryos. At least four midline eye sections were analyzed for DSBs from each embryo. Nine embryos from *p53^null/null^; Cryaa-dnNCOA6* and 10 embryos from *p53*^+/+^*; Cryaa-dnNCOA6* were analyzed. For the rescue effect in lens size, E16.5 embryos were generated from the crossing described above. Serial midline eye sections were subjected to H&E staining and routine light imaging was performed. Lenses from neonate littermates were used to quantify the rescue effect in lens size. Every set of experiment was repeated at least three times.

Lens-specific Deletion of Ncoa6 and Tissue-specific Genomic DNA Extraction for Genotyping
-----------------------------------------------------------------------------------------

Generation of the *Ncoa6* conditional knockout mice will be described elsewhere (Li and Xu, unpublished data). In brief, the seventh exon of *Ncoa6* gene was flanked by a pair of loxP sites (*Ncoa6^flox/flox^*). The deleted *Ncoa6* allele did not contain exon 7 and caused a reading frame shift between exons 6 and 8. *Ncoa6* floxed mice were crossed with *EIIa-Cre* transgenic line (The Jackson Laboratory, Bar Harbor, ME) to obtain *Ncoa6* null allele. To generate lens-specific *Ncoa6* knockout mice, *Ncoa6^flox/null^* and *Ncoa6^flox/flox^* mice were crossed with *Le-Cre* transgenic line to delete the floxed allele in the lens lineage. Transmission of the targeted allele and knockout allele were confirmed by PCR. *Le-Cre* mice were maintained in FVB/N background and genotyped as described previously ([@B5]). Lens, eyeball (without lens) and ear tissues were dissected from 2- to 3-mo-old mice. DNeasy blood & tissue kit (QIAGEN) was used to extract genomic DNA. Double-distilled H~2~O (200 μl) was used to elute the genomic DNA, and 1 μl of elution product was used for each genotyping reaction.

RESULTS
=======

Initial Characterization of Cryaa-dnNCOA6 Transgenic Mouse Model
----------------------------------------------------------------

The panocular defects shown in the earlier *dnNCOA6* transgenic mouse model under the control of *CMV* enhancer*/*β-*actin* promoter ([@B40]) prompted us to ask whether *Ncoa6* plays a cell-autonomous or a nonautonomous role in lens development. To address this issue, we used a lens-specific *Cryaa* (αA-crystallin) promoter as a tool to express a dnNCOA6 fragment in postmitotic lens fiber cells ([@B56]; [@B84]; [@B83]). A FLAG epitope and an NLS were added to the N terminus of the dnNCOA6 fragment ([Figure 1](#F1){ref-type="fig"}B). Two transgenic lines, AD5 and AD9, were generated and gross morphological and histological analyses revealed specific eye phenotypes, microphthalmia, and cataract ([Figure 1](#F1){ref-type="fig"}C) in both lines. Because line AD5 exhibited more severe lens phenotypes, it was used throughout this study. To confirm the lens-specific expression of the dnNCOA6 fragment, E14.5 eye sections from WT and *Cryaa-dnNCOA6* mouse embryos were stained with an anti-FLAG antibody to detect transgenic protein expression. The data showed lens-specific expression of the dnNCOA6 fragment in lens fiber cells ([Figure 1](#F1){ref-type="fig"}D). In addition, no FLAG staining was detected in the lens epithelium ([Figure 1](#F1){ref-type="fig"}D and Supplemental Figure 1). The lens-specific expression of dnNCOA6 fragments was further confirmed by Western blot in which lens and eyeball (without lens) whole tissue lysates from WT and both transgenic lines were analyzed with an anti-FLAG antibody ([Figure 1](#F1){ref-type="fig"}E). The same antibody was used to examine the onset of transgenic protein expression. Our results showed lens-specific transgenic protein expression at E12.5 and E13.5 mouse lens fiber cells (Supplemental Figure S1). The relative expression level of the transgene was examined by qRT-PCR using primers specific to the transgenic construct. The result showed comparable levels of transgenic transcripts in both lines using cDNAs prepared from neonatal lenses ([Figure 1](#F1){ref-type="fig"}F). Next, NCOA6-specific mAb was used in Western blotting to determine expression levels of the endogenous NCOA6 protein in transgenic lenses. Our data (Supplemental Figure S2) showed no significant change in NCOA6 protein expression levels in WT and transgenic lens protein extracts. Thus, the initial studies of the *Cryaa-dnNCOA6* mouse model support the cell-autonomous role of *Ncoa6* in lens fiber cell differentiation.

![Generation and phenotype analysis of the *Cryaa-dnNCOA6* transgenic mouse model. (A) Schematic diagram of the NCOA6 protein structure (2063 amino acid residues). NCOA6 contains two QP-rich ADs, two canonical NR boxes (LXXLL-1 and LXXLL-2), which are important for interaction with ligand-bound NRs, one noncanonical NR box (IXXMM), and the C-terminal STL-rich regulatory domain. (B) Schematic diagram of the *Cryaa-dnNCOA6* transgenic construct. cDNA of *dnNCOA6* including amino acid 849--929 of *NCOA6* with a *NLS* and *3xFLAG* tag in the 5′ end was inserted between the *Cryaa* (αA-crystallin) promoter and the intron-polyadenylation sequences of the small t antigen from SV40 (SV40 intron & polyA). The three primers used for genotyping are shown as horizontal arrows. (C) Two founders of *Cryaa-dnNCOA6*, AD5 (b) and AD9 (c), were generated and showed microphthalmia and cataract compared with WT (a) mice. Eyeballs from WT and AD5 animals are aligned in front view (d) and side view (e) to compare phenotypes. Transgenic lenses displayed a reduction of ∼3.84- to 4.75-fold in size compared with WT (see *Materials and Methods*). Transgene copy number of line AD5 and AD9 is 12∼16 and 12∼19 copies per genome, respectively. (D) Lens-specific expression of the FLAG-dnNCOA6 fragment was evaluated by immunohistochemistry using an anti-FLAG antibody (brown) in E14.5 WT (a and c) and transgenic (b and d) eyes. Nuclei (blue) were counterstained with hematoxylin. Scale bar is shown in each panel. (E) Western blot analysis of lens-specific FLAG-dnNCOA6 fragments expression in the lens and eyeball (without lens) tissues from WT, AD5, and AD9. β-Actin was used for loading control. (F) Relative expression levels of transcripts encoding dnNCOA6 in AD5 and AD9 transgenic lines were analyzed by qRT-PCR. Primers used (see *Materials and Methods*) are specific to the transgene (human sequence) and did not cross-react with the endogenous mouse *Ncoa6* transcripts.](zmk0141095080001){#F1}

Lens-specific Expression of dnNCOA6 Caused Multiple Defects in Lens Growth, Lens Fiber Cell Elongation, and Their Terminal Differentiation
------------------------------------------------------------------------------------------------------------------------------------------

To further examine the lens abnormalities in *Cryaa-dnNCOA6* mice, histological analysis of eye tissues from different embryonic and postnatal stages were conducted. We found minor differences including a posterior shift of some nuclei in E12.5 transgenic lens, whereas E12.5 WT lens seemed normal (compare [Figure 2](#F2){ref-type="fig"}, A and B). At ∼E15.5, some irregular lens fiber cells containing nuclei with abnormal morphology were found in the transgenic lens (compare [Figure 2](#F2){ref-type="fig"}, C and D). Higher magnification images revealed pyknotic nuclei in the transgenic lens ([Figure 2](#F2){ref-type="fig"}D′), whereas the WT lens appeared normal ([Figure 2](#F2){ref-type="fig"}C′). Pyknotic nuclei denote chromatin shrinkage and hyperchromasia ([@B8]). The size difference between the WT and transgenic lens is apparent in neonatal lenses and more pronounced in P21 lenses ([Figure 2](#F2){ref-type="fig"}, E--H).

![Histological analysis of lens development revealed lens fiber cell differentiation defects in *Cryaa-dnNCOA6* lenses. H&E staining was performed with WT (A, C, E, and G) and transgenic (B, D, F, and H) mouse eye sections at E12.5, E15.5, neonatal stage, and P21, respectively, to show lens morphology. At E15.5, the transgenic lens appeared smaller (D) compared with WT (C) and exhibits pyknotic nuclei. Higher magnification images of E15.5 lens fiber cell nuclei are shown as insets (C′ and D′) and pyknotic nuclei are indicated by arrows. The OFZ is located in the center of the WT lens (E and G) and is indicated by dashed circle in E. Transgenic lenses display irregular fiber pattern and pyknotic staining (F and H). The rounded end fragment and cortical liquefaction in dark red are revealed in the inset (H′). Scale bar is shown in each panel.](zmk0141095080002){#F2}

In the WT neonatal lens, an OFZ exists in the center of the lens ([Figure 2](#F2){ref-type="fig"}E). In contrast, it is absent in the transgenic lens ([Figure 2](#F2){ref-type="fig"}F). The center of the *Cryaa-dnNCOA6* lens is filled with fibers containing nuclei, suggesting lens fiber cell denucleation defects. In addition, the deteriorating lens exhibits further abnormalities such as posterior shift of the transitional zone, swollen and shortened fiber cell length, rounded end fragments and cortical liquefaction ([Figure 2](#F2){ref-type="fig"}, F, H, and H′). Fiber cell degeneration and liquefaction suggest abnormal cell--cell adhesion between lens fiber cells. These are common manifestations of cataract formation ([@B74]). The entire structure of the lens fiber cell compartment further deteriorates in the P21 transgenic lens as evidenced by the more pronounced structural defects of lens fibers, including an empty space between the epithelium and fiber cell mass ([Figure 2](#F2){ref-type="fig"}H). The pyknotic nuclei persist in the presumptive OFZ, suggesting a permanent block of the lens fiber cell denucleation process.

Next, SEM was used to analyze the lens microstructure, including the suture formation, fiber cell morphology and cell-to-cell interactions. As the fiber cells grow, they elongate and eventually meet other fibers in the anterior and posterior part of the lens in a linear manner forming suture lines, which become the anterior and posterior Y-shaped sutures in opposite orientation ([@B65]). The results showed that the Y suture was not observed in *Cryaa-dnNCOA6* lens (compare [Figure 3](#F3){ref-type="fig"}, A and D). In addition, transgenic fiber cells were expanded and skewed (compare [Figure 3](#F3){ref-type="fig"}, B and E). In the WT lens, lens fiber cells were regularly arranged with a "ball-and-socket" structure to hold the adjacent lens fibers together ([Figure 3](#F3){ref-type="fig"}, C and C′). In contrast, no ball-and-socket structures were apparent in transgenic lenses ([Figure 3](#F3){ref-type="fig"}, F and F′).

![Loss of Y-suture and deformed lens fiber cells in *Cryaa-dnNCOA6* lenses. SEM analysis was carried out on 3-mo-old lenses from WT (A--C) and transgenic mice (D--F). Normal Y-suture found in the WT lens (A) is absent in the transgenic lens (D). The Y-suture is illustrated as inset in A. Higher magnification reveals the enlarged and disrupted fiber cell pattern in the transgenic lens (E), whereas the WT lens showed aligned fiber cell pattern (B). Ball-and-socket structure (indicated by white arrows in C′), which is important to hold fiber cells together, is not apparent in the transgenic lens (F and F′) compared with the WT lens (C and C′). Scale bar is given in each panel.](zmk0141095080003){#F3}

To further examine the terminal differentiation defects in lens fiber cells, an antibody against PDI, an endoplasmic reticulum (ER) marker ([@B19]), was used to mark the presence of organelles ([@B7]). In normal lens, an OFZ, composed of mature fiber cells, forms in the center of the lens cortex after denucleation. Our data showed that PDI expression increased as lens fiber cells differentiate and gradually decreased in fiber cells close to the OFZ in the neonatal WT lens ([Figure 4](#F4){ref-type="fig"}, A--C). As the OFZ formed in the center of the WT lens, no nuclear and PDI staining was observed. In contrast, both nuclei and PDI staining was detected in the center of the transgenic lens ([Figure 4](#F4){ref-type="fig"}, D--F). Some aggregates of ER were even detected in the frontal part of the *Cryaa-dnNCOA6* lens ([Figure 4](#F4){ref-type="fig"}F). We conclude that the terminal differentiation process in transgenic lenses was not properly executed; subcellular organelles, including nuclei, were not eliminated and early appearance of pyknotic nuclei ([Figure 2](#F2){ref-type="fig"}) suggested the initiation of apoptosis.

![OFZ is absent in the *Cryaa-dnNCOA6* lens. An anti-PDI antibody was used to label ER, indicating the existence of organelles, in WT (A--C) and transgenic lenses (D--F) at neonatal stage. Nuclei were stained (blue signal) with DAPI. The center of WT lens cortex is negative with DAPI and anti-PDI antibody staining, which is labeled as OFZ. Lens epithelium, LE; transitional zone (bow region), TZ. Scale bar is shown in A and D.](zmk0141095080004){#F4}

Initiation of Prolonged and Incomplete Apoptotic-like Processes in the Cryaa-dnNCOA6 Lens
-----------------------------------------------------------------------------------------

Considering the important role of *Ncoa6* gene in cell survival ([@B48]) and the presence of pyknotic nuclei in the *Cryaa-dnNCOA6* lens, an indicator of apoptosis ([Figure 2](#F2){ref-type="fig"}), we next examined the transgenic lens for evidence of apoptosis. The early stages of apoptosis are associated with the activation of caspase-3, a death protease that is activated by initiator caspases ([@B73]). We monitored activated caspase-3 (cleaved caspase-3, CCAP3) in *Cryaa-dnNCOA6* lenses and identified CCAP3-positive cells in both E13.5 and E14.5 transgenic lenses in lens fiber cell compartment but not in the WT control ([Figure 5](#F5){ref-type="fig"}). These data suggest that activated caspase-3 was induced in lens fiber cells within ∼24 h after the onset of *dnNCOA6* expression in elongating primary lens fiber cells.

![Caspase-3 activation in differentiating transgenic lens fiber cells. E13.5 and E14.5 WT and transgenic lenses were subjected to immunofluorescence analysis with CCAP3 antibody. The E13.5 transgenic lens showed staining in the lens fiber cell compartment (D--F) compared with WT (A--C). The amount of CCAP3 staining increased in the E14.5 transgenic lens (J--L) and no staining was detected in the WT lens (G--I). Nuclei (blue signal) were stained with DAPI. Lens epithelium, LE; transitional zone, TZ. Scale bar is shown in panels A, D, G, and J.](zmk0141095080005){#F5}

In general, DNA lesion in mammalian cells can create DSBs, which trigger a signaling cascade to form a repair complex at individual break points ([@B59]). At the very early step, upstream kinases phosphorylate histone H2A variant H2AX at Ser 139 (γ-H2AX) surrounding DSBs and γ-H2AX facilitates the recruitment of proteins to repair foci ([@B24]; [@B79]). Thus, a γ-H2AX antibody was used to examine embryonic and neonatal lenses. The DSBs were detected in E13.5 transgenic lenses and became more abundant in E14.5, E16.5, and neonatal transgenic lenses ([Figure 6](#F6){ref-type="fig"}), indicating the presence of severe DNA damage. In addition, we found the presence of T2609 phosphorylated DNA protein kinase catalytic subunit (DNA-PKcs) (Supplemental Figure S3), which is activated after DSBs in nonhomologous end-joining DNA repair pathway ([@B11]).

![Identification of DNA double-strand breaks (DSBs) through γ-H2AX immunofluorescence in WT and *Cryaa-dnNCOA6* lens fiber cells. γ-H2AX antibody was used to label DSBs generated through DNA damage or normal denucleation process. DSBs are detected as early as E13.5 in the transgenic lens fiber cell compartment (D--F) and are absent in the WT lens (A--C). The number of DSBs increased in E14.5 and E16.5 transgenic lens fiber cells (J--L and P--R), whereas WT controls are negative (G--I and M--O). In the neonatal WT lens, nuclei of lens fiber cells at the margin of the OFZ display strong γ-H2AX staining (S--U and S′--U′). The neonatal transgenic lens exhibits dispersed DSBs staining in fiber cells and the absence of OFZ (V--X). The OFZ is indicated by dashed circle. Nuclei (blue signal) were stained with DAPI. Mesenchymal cells and hyaloid vascular structure surrounding the lens often generate nonspecific signals, which do not interfere with our observations in the lens fiber cell compartment. Lens epithelium, LE; transitional zone, TZ. Scale bar is shown in A, D, G, J, M, P, S, and V.](zmk0141095080006){#F6}

At the morphological level, lens fiber cells start the denucleation process at ∼E17 ([@B81]; [@B8]). No DSBs were detected in WT embryonic lenses younger than or equal to E16.5 ([Figure 6](#F6){ref-type="fig"}, A--C, G--I, and M--O). In WT E17.5 lenses, primary lens fiber cells close to the presumptive OFZ showed positive γ-H2AX staining (data not shown). In contrast, newborn WT lenses stained with γ-H2AX in the margin of OFZ in secondary lens fiber cells ([Figure 6](#F6){ref-type="fig"}, S--U and S′--U′).

Next, embryonic lens tissues were examined for apoptosis by TUNEL assay. Some TUNEL-positive cells were detected in the proliferating lens epithelium and the fiber cell compartment in both E13.5 and E14.5 transgenic lenses ([Figure 7](#F7){ref-type="fig"}, D--F and J--L). In E16.5 transgenic lenses, the apoptotic signals increased dramatically in lens fiber cell compartment ([Figure 7](#F7){ref-type="fig"}, P--R). Some sporadic apoptotic nuclei are observed in WT lens epithelium cells; however, no apoptotic cells were found in differentiating WT lens fiber cells ([Figure 7](#F7){ref-type="fig"}, A--C, G--I, and M--O). Evidence for massive DNA damage or cell death was suggested by TUNEL signals in E16.5 transgenic lenses ([Figure 7](#F7){ref-type="fig"}, P--R). However, completion of apoptosis is uncertain, because abnormal lens fiber cells with pyknotic nuclei are found in both neonatal and P21 lenses ([Figures 2](#F2){ref-type="fig"} and [4](#F4){ref-type="fig"}).

![TUNEL assays in WT and *Cryaa-dnNCOA6* lens fiber cells. (A--C) At E13.5, sporadic apoptotic nuclei were detected only in the epithelium cells of WT lenses. (D--F) In contrast, apoptotic nuclei were detected in both epithelium and lens fiber cells of transgenic lenses. TUNEL-positive nuclei: 5.47 ± 2.00 nuclei/section. (J--L) Similar results were observed in E14.5 lenses with slightly elevated number of apoptotic nuclei in transgenic lens fiber cells. TUNEL-positive nuclei: 12.88 ± 7.59 nuclei/section. (P--R) At E16.5, strong TUNEL signals were detected in the frontal part of lens fiber cell compartment in the transgenic lens. No TUNEL-positive nuclei were observed in WT lens fiber cells (A--C, G--I, and M--O). Nonspecific signals outside of the lens are explained in [Figure 6](#F6){ref-type="fig"}. Lens epithelium, LE; transitional zone, TZ. Scale bar is shown in A, D, G, J, M, and P.](zmk0141095080007){#F7}

In summary, no DSBs were detected in E16.5 WT lenses (beginning of primary lens fiber cell denucleation process), but DSBs were found in both denucleating primary (E17.5) and secondary fiber cells (neonate). In transgenic lenses, DSBs and the apoptosis signals appeared before the normal denucleation process (∼E17). Nevertheless, the apoptotic-like process here differs from the typical apoptosis because the onset of caspase-3 activation and formation of intense TUNEL signals are separated by ∼72 h. Both lens fiber cell elimination and denucleation processes were arrested suggesting that lens fiber cells operate a specific mechanism to preserve cells, even with nuclei exhibiting both morphological and molecular abnormalities.

Abnormal Lens Fiber Cell Differentiation Is Suppressed in the Absence of p53
----------------------------------------------------------------------------

It has been reported previously that the overexpression of human p53 gene induced apoptosis in the transgenic mouse lens and that the apoptosis was rescued by a p53 mutant transgene, which can interfere with p53 normal function ([@B54]). E7, an oncoprotein encoded by the human papillomavirus HPV-16, induced cell cycle reentry in transgenic lens fiber cells and p53-dependent and p53-independent apoptosis ([@B57], [@B58]). Here, we found that p53 protein expression was elevated in *Cryaa-dnNCOA6* lenses in the range of 1.42- to 2.12-fold compared with the WT but not in other ocular tissues ([Figure 8](#F8){ref-type="fig"}A). We also found three p53 target genes, i.e., *p21*, *Bim*, and *Perp*, up-regulated in transgenic lenses at the RNA level (data not shown).

![Abnormal lens fiber cell apoptosis is both p53-dependent and p53-independent. (A) Western blot was performed to analyze p53 protein expression in the lens and eyeball (without lens) of WT and transgenic mice at neonatal stage. β-Actin was used for loading control. (B) External observation of adult mouse eyes (a--f) and histological analysis of E16.5 mouse eyes (g--i) in *p53*^+/+^*; Cryaa-dnNCOA6*, *p53*^+*/null*^*; Cryaa-dnNCOA6*, *p53^null/null^; Cryaa-dnNCOA6*, and WT mice. (C) Reduced number of DSBs in *p53^null/null^; Cryaa-dnNCOA6* lenses (d--f) compared with *p53*^+/+^*; Cryaa-dnNCOA6* lenses at E14.5 (a--c). Nuclei (blue signal) were stained with DAPI. Scale bar is shown in a and d. (D) To quantify the amounts of DSBs in *Cryaa-dnNCOA6* lenses in WT or *p53* null background, the number of γ-H2AX-positive nuclei was compared between E14.5 *p53*^+/+^*; Cryaa-dnNCOA6* (n = 10) and *p53^null/null^; Cryaa-dnNCOA6* (n = 9) lenses. Nonspecific signals outside of the lens are explained in [Figure 6](#F6){ref-type="fig"}. Lens epithelium, LE; transitional zone, TZ.](zmk0141095080008){#F8}

Next, to examine whether defects in *Cryaa-dnNCOA6* lenses were p53-dependent in lens fiber cells, we crossed the *Cryaa-dnNCOA6* mice to mice carrying a null mutation in the *p53* gene ([@B20]) by using a strategy reported previously ([@B34]; [@B82]; [@B9]; [@B92]). As shown in [Figure 8](#F8){ref-type="fig"}B, increased *p53*^+*/null*^*; Cryaa-dnNCOA6* mice eye (lens) size compared with *p53*^+/+^*; Cryaa-dnNCOA6* was found. In *p53^null/null^; Cryaa-dnNCOA6* mice, eye size improvement was even more pronounced. Quantitative analysis using neonate lenses revealed 1.35- to 1.65-fold increase of lens size in *p53^null/null^* compared with WT background. Histological data from E16.5 WT control, *p53*^+/+^*; Cryaa-dnNCOA6* and *p53^null/null^; Cryaa-dnNCOA6* are shown in [Figure 8](#F8){ref-type="fig"}B for comparison. To further evaluate the p53 rescue effect, embryonic tissue sections from E14.5 *p53*^+/+^*; Cryaa-dnNCOA6* and *p53^null/null^; Cryaa-dnNCOA6* were examined with a γ-H2AX antibody and the amounts of DSBs in the lens were quantified. The deletion of p53 significantly reduced the amount of DSBs induced by *Cryaa-dnNCOA6* transgene ([Figure 8](#F8){ref-type="fig"}C). There was ∼60% reduction in DSB-positive nuclei in *p53^null/null^; Cryaa-dnNCOA6* lenses compared with the normal p53 background ([Figure 8](#F8){ref-type="fig"}D). These findings support the idea that defects in the *Cryaa-dnNCOA6* differentiating lens fiber cells can be alleviated in the p53 null background and that the formation of apoptotic-like cells was both p53-dependent and p53-independent.

Decrease of c-Maf Protein Expression in Cryaa-dnNCOA6 Lens Fiber Cells Is Accompanied by Reduced γ-Crystallin Proteins Expression
---------------------------------------------------------------------------------------------------------------------------------

Previous studies of ubiquitously expressed dnNCOA6 identified reduced expression of αB- and γ-crystallins and linked these results with the presence of retinoic acid responsive elements (RAREs) in their 5′-regulatory regions ([@B40]). Here, we first examined the expression levels of two lens fiber cell differentiation factors, c-Maf and Pax6 ([@B72]). Transcription factor c-Maf is crucial for the high levels of crystallin gene expression ([@B38]; [@B39]; [@B67]; [@B66]; [@B90]). Our results showed that the expression of c-Maf protein was decreased in the cortex region of the *Cryaa-dnNCOA6* lens ([Figure 9](#F9){ref-type="fig"}A). In addition, whole cell lysates from WT and transgenic lens and eyeball (without lens) were analyzed by protein immunoblot with an anti-c-Maf antibody. We found 2.37- to 2.64-fold reduction of c-Maf protein in the transgenic lens compared with WT ([Figure 9](#F9){ref-type="fig"}B). Pax6 regulates lens development and crystallin gene expression at multiple levels ([@B16]). It also regulates *c-Maf* gene expression ([@B70]). However, no difference was observed in the expression level of Pax6 protein between the WT and transgenic lens (data not shown). Thus, down-regulation of the c-Maf protein level in the *Cryaa-dnNCOA6* lens was independent of Pax6. Next, we used crystallin-specific antibodies to examine lens fiber cell differentiation. Down-regulation of both β- and γ-crystallins was observed by immunofluorescence ([Figure 9](#F9){ref-type="fig"}, C and D). Strong down-regulation of γ-crystallin proteins was confirmed by Western blot ([Figure 9](#F9){ref-type="fig"}E). From these results we conclude that expression of γ-crystallins was more affected in transgenic lenses compared with other crystallins examined (αB- and β-crystallins).

![Down-regulation of c-Maf and γ-crystallins in the *Cryaa-dnNCOA6* transgenic lenses. (A) Immunofluorescence staining was carried out in E16 WT and transgenic lenses. In WT, c-Maf protein expression was up-regulated in the transitional zone and persisted in lens fiber nuclei (A, a--c). However, many lens fiber nuclei lost c-Maf protein expression in the transgenic lens (A, d--f). Nuclei (blue signal) were stained with DAPI. (B) Western blot analysis of the c-Maf protein expression level in WT and transgenic neonatal lenses (2.37- to 2.64-fold reduction in transgenic lenses) and eyeballs (without lens). β-Actin was used as loading control. (C) Some reduction of β-crystallins in transgenic lenses was observed compared with WT lenses. Lens epithelium, LE; transitional zone, TZ. (D) γ-Crystallin proteins expression is down-regulated in transgenic lenses compared with WT lenses. (E) Western blot analysis of αA-crystallin (αA-Cry), αB-crystallin (αB-Cry), β-crystallin (β-Cry), and γ-crystallin (γ-Cry) protein expression levels in neonatal WT and transgenic lenses. β-Actin served as loading control. The protein expression ratios of WT to transgenic lenses are indicated as follows: αA-Cry (1.08--1.18), αB-Cry (1.18--1.23), β-Cry (1.46--1.56), and γ-Cry (1.56--2.95).](zmk0141095080009){#F9}

Lens-specific Deletion of Ncoa6 Caused Microphthalmia and Cataract Formation
----------------------------------------------------------------------------

Although a cell-autonomous role of *Ncoa6* in lens development is suggested by experiments described above, examination of lens-specific *Ncoa6* knockout offers an opportunity to test this mechanism independently. To delete *Ncoa6* in the lens, *Le-Cre* mice ([@B5]) were crossed with floxed *Ncoa6* mice for specific deletion in the surface ectoderm/lens lineage. We observed smaller and cloudy lenses ([Figure 10](#F10){ref-type="fig"}, C, D, F, and H) with persisting nuclei ([Figure 10](#F10){ref-type="fig"}H′). In contrast, *Ncoa6* heterozygous mutants did not reveal any significant lens phenotype ([Figure 10](#F10){ref-type="fig"}, B and G). Although phenotypes exhibited by *Ncoa6^flox/flox^; Le-Cre* and *Ncoa6^flox/null^; Le-Cre* mice were milder than those in *Cryaa-dnNCOA6* mice, the penetrance was 100% ([Table 1](#T1){ref-type="table"}). Genotyping to detect WT, conditional, and null alleles (see *Materials and Methods*) revealed incomplete deletion of the floxed *Ncoa6* allele in the lens ([Figure 10](#F10){ref-type="fig"}I).

![Deletion of *Ncoa6* in prospective lens ectoderm led to microphthalmia and cataract. (A--D) Eyeball morphology of four genotypes: *Ncoa6*^+/+^*; Le-Cre*, *Ncoa6*^*flox/*+^*; Le-Cre*, *Ncoa6^flox/flox^; Le-Cre*, and *Ncoa6^flox/null^; Le-Cre* at ∼3 mo old. (E--H) H&E staining of 3-mo-old lenses from *Ncoa6*^+/+^*; Le-Cre* and *Ncoa6^flox/flox^; Le-Cre* mice, and 1-mo-old lenses from *Ncoa6*^+*/null*^*; Le-Cre* and *Ncoa6^flox/null^; Le-Cre* mice. Scale bar is shown in each panel. (I) To analyze the deletion efficiency of the floxed allele, lens, eyeball (without lens), and ear tissues from *Ncoa6*^+/+^*; Le-Cre*, *Ncoa6*^*flox/*+^*; Le-Cre*, *Ncoa6^flox/flox^; Le-Cre*, and *Ncoa6^flox/null^; Le-Cre* mice were used to extract genomic DNA for genotyping. Analysis of ear tissue confirmed the tissue-specific expression of *Le-Cre*. In *Ncoa6*^+/+^*; Le-Cre* tissues, only the WT allele was detected. Most *Ncoa6*^*flox/*+^*; Le-Cre* tissues showed the WT, conditional and null alleles except ear tissues in which no null allele is detected. In *Ncoa6^flox/flox^; Le-Cre* mice, the null allele is detected in the lens; however, the deletion is incomplete as in the *Ncoa6^flox/null^; Le-Cre* lens.](zmk0141095080010){#F10}

###### 

Eye phenotypes observed in the lens-specific *Ncoa6* conditional knockout mice

  Genotype                          Phenotype                        Onset age
  --------------------------------- -------------------------------- --------------
  ***Ncoa6*^+/+^; *Le-Cre***        None                             
  ***Ncoa6*^+*/null*^; *Le-Cre***   None                             
  ***Ncoa6^flox/flox^; Le-Cre***    Small eye (17/17)                1∼5 mo
                                    Severe cataract (13/17)          1∼5 mo
                                    Mild cataract (4/17)             1∼2.5 mo
  ***Ncoa6^flox/null^; Le-Cre***    Small eye and cataract (14/14)   21 d ∼2.5 mo

The dnNCOA6 fragment was shown to interfere with retinoid-dependent recruitment of NCOA6 to RAREs, which could not be rescued by TRAP220 and SRC-2, two other coactivators involved in RA-dependent gene regulation ([@B40]). However, no genetic experiment has been performed to test the role of dnNCOA6 as a dominant inhibitor in vivo. To prove the loss-of-function effect of dnNCOA6 in the lens, *Ncoa6*^+*/null*^ mice were crossed with *Cryaa-dnNCOA6* mice to generate *Ncoa6*^+*/null*^*; Cryaa-dnNCOA6*, and *Ncoa6*^+/+^; *Cryaa-dnNCOA6* mice. Both *Ncoa6* ^+*/null*^*; Cryaa-dnNCOA6* and *Ncoa6* ^+*/*+^*; Cryaa-dnNCOA6* mice have cataract phenotype and the lenses of *Ncoa6*^+*/null*^*; Cryaa-dnNCOA6* mice were 23 ± 11% smaller than *Ncoa6*^+/+^; *Cryaa-dnNCOA6* mice ([Figure 11](#F11){ref-type="fig"}).

![Increased lens abnormalities in *Ncoa6*^+*/null*^*; Cryaa-dnNCOA6* mice. Heterozygous *Ncoa6* mice were crossed with *Cryaa-dnNCOA6* mice to generate *Ncoa6*^+/+^*; Cryaa-dnNCOA6* and *Ncoa6* ^+*/null*^*; Cryaa-dnNCOA6* mice. Serial eye sections were used to compare the lens size of each genotype. The result indicates that the *Ncoa6*^+*/null*^*; Cryaa-dnNCOA6* lens (B) is smaller than the *Ncoa6*^+/+^*; Cryaa-dnNCOA6* lens (A). Quantitative analysis using P21 lenses revealed that the *Ncoa6* ^+*/null*^*; Cryaa-dnNCOA6* lens is 23 ± 11% smaller than the *Ncoa6*^+/+^*; Cryaa-dnNCOA6* lens. Eyes from three mice of each genotype were analyzed. Scale bar is shown in each panel.](zmk0141095080011){#F11}

DISCUSSION
==========

The present data show multiple novel functions of *Ncoa6* in lens fiber cell differentiation. Lens-specific expression of a dominant-negative fragment that abrogates the function of NCOA6 elicited a series of lens fiber cell-specific differentiation defects, including disruption of crystallin protein expression, initiation of prolonged yet incomplete apoptosis in the lens fiber cell compartment, and inhibition of lens fiber cell denucleation ([Figure 12](#F12){ref-type="fig"}). In parallel, the lens-specific knockout of *Ncoa6* resulted in lens fiber cell differentiation defects including the persisting nuclei, which indicates inhibition of lens fiber cell karyolysis. The lens vesicle in E11.5 *Ncoa6* knockout mice was normal (data not shown). These findings reveal that *Ncoa6* is not required for the formation of lens lineage/precursor cells. The incomplete deletion of the floxed *Ncoa6* allele by the *Le-Cre* system found here and reported previously ([@B78]) could explain the milder defects in the *Ncoa6* conditional knockout compared with the *Cryaa-dnNCoA6* transgenic mouse model. Furthermore, the lens-specific deletion of *Ncoa6* did not exhibit morphologically detectable phenotypes until 3--4 wk of age ([Table 1](#T1){ref-type="table"}), and these defects were limited to lens fiber cells. We found that a single copy of *Ncoa6* was sufficient to support normal lens development. In addition, the aggravation of the lens phenotype in *Ncoa6*^+*/null*^*; Cryaa-dnNCOA6* mice confirmed genetically the specificity of the dnNCOA6 action. Collectively, our data revealed an essential cell-autonomous role of *Ncoa6* in lens fiber differentiation and denucleation.

![Summary diagram of lens fiber cell differentiation and the role of NCOA6 in the denucleation process. In WT lens (left side of the diagram), up-regulation of c-Maf and crystallins is essential for lens fiber cell differentiation. Their terminal differentiation requires orchestrated degradation of all subcellular organelles to avoid light scattering. Nuclear degradation is a relatively lengthy process (3--4 d in mouse; [@B8]). In *Cryaa-dnNCOA6* transgenic lenses (right side of the diagram), p53-dependent and p53-independent proapoptotic processes become evident as early as at E13.5 due to the generation of CCAP3 followed by the appearance of DSBs monitored via γ-H2AX--specific antibodies. Although abundant TUNEL signals are found at E16.5, the nuclear degradation is not properly executed and abnormally differentiated lens fibers, with significantly reduced expression of c-Maf and γ-crystallins and retained nuclei, are preserved in the transgenic lenses.](zmk0141095080012){#F12}

At the molecular level, our data showed that lens-specific expression of dnNCOA6 preferentially reduced γ-crystallin protein expression. Expression of αB- and β-crystallins was less affected. In contrast, ubiquitously expressed dnNCOA6 inhibited expression of αB-, γC-, γD-, and γF-, but not αA-, βA3/A1-, γA-, and γB-crystallins at RNA level ([@B40]). Our data showed reduced but not abolished expression of c-Maf, an upstream regulatory protein of crystallins, in the *Cryaa-dnNCOA6* lens. These findings indicate that expression of γ-crystallins seems to be most sensitive to reduced expression levels of c-Maf. In *c-Maf*^+/−^ lenses, no change in crystallin gene expression profiles was found ([@B67]). Reduced expression of αB- and γF-crystallin genes in *CMV/*β-*actin-dnNCOA6* transgenic mice ([@B40]) was explained via the inhibition of RA signaling by dnNCOA6. Previously, RA signaling and retinoic acid receptor/retinoid X receptor nuclear receptors were shown to regulate these crystallin promoters ([@B80]; [@B27]; [@B12]). However, RA signaling is attenuated in E13.5 differentiating lens fiber cells as measured by the activity of the RARE-*lacZ* reporter in the embryonic eye ([@B69]; [@B6]; [@B22]). Thus, down-regulation of c-Maf might contribute to reduced expression of γ-crystallins after E13.5 in the lens, whereas both RA signaling and c-Maf could play roles in the regulation of αB-, γC-, γD-, and γF-crystallins during E12.5--E13.5 of lens differentiation.

Our study elucidates the apoptotic-like process in the lens fiber cell compartment and their relationship to karyolysis. Programmed cell death takes place in a time frame of 2--12 h ([@B64]; [@B23]), and the denucleation process takes over a course of 3--4 d ([@B8]). The final stage of apoptosis is the formation of apoptotic bodies followed by engulfment of cell corpses by nearby cells. In contrast, denucleated lens fiber cells are preserved. Several other models examined apoptosis induced by lens-specific transgenes. These studies identified abrupt differentiation and apoptosis in lens fiber cells ([@B77]; [@B18]) or showed that lens fiber cells reentered cell cycle and displayed apoptosis ([@B58]; [@B13], [@B15]; [@B87]). No evidence for cell cycle reentry in the *Cryaa-dnNCOA6* lens was detected (Supplemental Figure S4). The first indication of apoptosis in transgenic lenses was found at E13.5 with the activation of caspase-3. However, abundant TUNEL-positive cells were detected at E16.5 in transgenic lenses. Caspase-3 is required for cytoplasmic (membrane blebbing and cell shrinkage) and nuclear events (DNA fragmentation) associated with apoptosis ([@B35]; [@B95]; [@B62]). The 3-d gap between the earliest sign of apoptosis and abundant TUNEL-positive cells is unusual ([@B23]). We speculate that the programmed cell death induced in *Cryaa-dnNCOA6* lenses could be desensitized like in certain cancer cells ([@B37]) as the lens fiber cells are programmed for denucleation ([@B17]). In addition, we did not find evidence for the generation of apoptotic bodies and their engulfment by surrounding lens fiber cells. Transgenic lens fiber cells were preserved in the fiber cell compartment and exhibited denucleation defects.

The present data showed the formation of DSBs and activation of DNA-PKcs in normal lens fiber cells in the margin of OFZ. Both of these processes also occurred in E13.5 *Cryaa-dnNCOA6* lenses. In WT lenses, DSBs were detected from E17.5 in the region of prospective OFZ. In neonatal lenses, DSBs were found in the margin of the OFZ marking the denucleating secondary lens fibers. Interestingly, transgenic lens fiber cells showed denucleation defects. Thus, it is intriguing that although both processes, i.e., apoptosis and denucleation, are aimed to eliminate nuclei; the outcome of their interaction is the retention of nuclei. We propose that apoptosis activated in *Cryaa-dnNCOA6* elongating lens fibers was arrested and prevented the completion of karyolysis. Alternatively, the normal lens fiber cell differentiation program was disrupted early (∼E13.5--E17) and the denucleation process was never properly activated.

p53 plays a central role in genome integrity and apoptosis regulation ([@B96]). We found up-regulation of p53 in *Cryaa-dnNCOA6* lenses, which is consistent with the initiation of proapoptotic process in the lens fiber cell compartment. In the WT lens, p53 is not required for lens fiber cell differentiation because p53 null lenses seem normal ([@B20]). The p53-dependent pathway becomes important only if cell cycle reentry ([@B58]) or proapoptotic processes are initiated in differentiating lens fiber cells such as in the present study. Our data showed that apoptosis in *Cryaa-dnNCOA6* lens fiber cells was both p53-dependent and p53-independent, in agreement with studies of other genes in the lens ([@B52]; [@B58]; [@B43]).

In this study, early-induced proapoptotic processes are significantly delayed in the lens fiber cell compartment. Both αA- and αB-crystallins are important to prevent apoptosis in the lens ([@B43]; [@B53]; [@B86]), tumor cells ([@B76]), and in other cell types ([@B1]; [@B36]), Here, we did not identify reduction of αA- and αB-crystallins protein expression in the *Cryaa-dnNCOA6* lens. These findings suggest that anti-apoptotic role(s) of *Ncoa6* in the lens are not mediated via anti-apoptotic activities of α-crystallins. Between E17 and 18, apoptotic-like lens fiber cell nuclei should receive additional destructive signals via the denucleation (karyolysis) pathway as described above. It is tempting to speculate that antiapoptotic proteins such as NCOA6 and crystallins regulate the antiapoptotic and denucleation pathways. Their existence preserves and ensures that lens fiber cells survive as "frozen" bags to generate a transparent and refractive lens. It is also interesting to note that specific mouse γ-crystallin mutant lenses displayed abnormalities in the denucleation process ([@B29], [@B30]; [@B29]; [@B71]). Identification and functional characterization of novel proteins and enzymes that regulate lens fiber cell denucleation is needed for better understanding how lens fiber cells degrade genomic DNA and protect themselves from entering apoptosis.
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